Reducing disturbance by tillage and addition of crop residues affects soil biota and their role in soil C storage. For 1 yr in a fi eld station trial in Davis, CA, these treatments were compared: no-tillage + continuous cropping, no-tillage + fallow, standard tillage + continuous cropping, and standard tillage + fallow. The continuous cropping treatment consisted of tomato (Lycopersicon esculentum Mill.)/sorghum-sudangrass [Sorghum bicolor (L.) Moench]/garbanzo (Cicer arietinum L.)/cowpea cover crop [Vigna unguiculata (L.) Walpers ssp. unguiculata]. The fallow rotation omitted the sorghum-sudangrass and cowpea cover crops. No-tillage + continuous cropping resulted in signifi cant changes in the surface layer (0-5 cm): higher microbial biomass C, more fungi as indicated by ergosterol and phospholipid fatty acid analysis, and higher soil NO 3 − in summer, and higher pH, soluble K + , and
R ecent concerns about global climate change have encouraged the development of agricultural systems that sequester soil C (Cole et al., 1997; Ogle et al., 2003) . Sequestration of C is a function of the difference between C inputs, primarily from plant biomass, and C losses due to the activity of soil organisms; it is impacted by agricultural management. Loss of soil C in agricultural systems has been attributed primarily to oxidation following soil cultivation (Schlesinger, 1984) . Agricultural systems that use no-tillage along with rotations that provide continuous C inputs via litter and root activity may be most likely to store soil C (Kay and VandenBygaart, 2002; Deen and Kataki, 2003; Carter, 2005; Puget and Lal, 2005) . Specifi c groups of soil biota may be associated with an increase in soil C, particularly in the surface soil, where C accumulation occurs most rapidly in notillage systems .
The soil food web refers to the community of organisms in the soil that are interdependent for sources of C and energy (Phillips et al., 2003) . The ecological functions performed by the soil food web are determined by the identity, abundance, and interactions of its components (Ferris, 2005) . Carbon enters soil food webs in the form of plant litter and root exudates (Coleman et al., 1976) , and consumption and incorporation of plant-derived C by food web organisms leads, via biological transformation, to formation of molecules that are more resistant to degradation (Wardle et al., 2004) .
Soil food webs are made up of a hierarchy of organisms spanning a range of taxa and trophic levels. The fl ow of C from plants and soil organic matter (SOM) into the soil food web is initiated by organisms at the entry level: microbiota (fungi and bacteria) and herbivores (plant-feeding nematodes and arthropods). At the next trophic level, microfauna (e.g., protozoa and some nematodes) and mesofauna (some microarthropods) consume the primary decomposers, which, in turn, are consumed by both specialist and generalist predators of the mesofauna (e.g., some nematodes and arthropods). Macrofauna may also play an important role in direct plant herbivory. Soil food webs dominated by organisms at the entry level tend to have greater C loss due to their rapid turnover and decomposition rates (Beare et al., 1992; Blagodatskaya and Anderson, 1998) . Greater retention of C has been hypothesized to occur when soil organisms at higher trophic levels are more abundant, due to greater C conserved in biomass, gradual transformation to more recalcitrant forms of C, and protection in smaller aggregate size fractions (Fu et al., 2000) . Different biota may contribute in different ways to soil C sequestration. Fungi have a higher C/N ratio than bacteria, produce compounds that are more degradation resistant (KogelKnabner, 2002) , and increase aggregate formation, which physically protects and retains plant-derived C in the soil . Quantifying bacterial and fungal communities or biomass in soil is successfully achieved by indicators, such as PLFA markers (Bossio et al., 1998 , Drijber et al., 2000 or compounds such as ergosterol, which is thought to be mainly fungal derived (Djajakirana et al., 1996) . In contrast, for higher trophic levels, signifi cant advances have been made through study of multifunctional taxonomic groups. For example, soil nematodes are suffi ciently abundant and functionally diverse to provide excellent indicators of food web structure and functioning (Bongers and Ferris, 1999; Ferris et al., 2001; Neher, 2001; Ferris, 2005) .
Food web dynamics are complex and refl ect the integration of many factors, including plant community composition (Viketoft et al., 2005) , plant succession or crop sequence , edaphic conditions (Yeates, 1994) , and soil management (Ferris et al., 2001) . In highly disturbed soils, the soil food web typically consists almost exclusively of metabolically active primary decomposers and herbivores adapted to such conditions (Beare et al., 1992; Frey et al., 1999) . Organisms at higher trophic levels are more sensitive to soil disturbance, compaction, frequent wet-dry cycles, pesticide application, and mineral fertilizers (Ferris et al., 2004; Berkelmans et al., 2003) .
Lack of disturbance and reliable C inputs via continuous cropping are, thus, hypothesized to increase fungi, soil food web complexity, and the abundance of organisms at higher trophic levels, thus increasing the sequestration of soil C.
The objectives of this study were to compare the effects of disturbance, i.e., tillage vs. no-tillage, and crop rotation, i.e., continuous cropping vs. intermittent fallowing, on: (i) the size and composition of soil food webs; (ii) total soil C, microbial biomass C, inorganic N, and nutrients; and (iii) crop yields and weeds. A year-round legume-vegetable system in California was the context for this research. 
MATERIALS AND METHODS

Field Site
Tillage Regime and Crop Rotations
Two levels of tillage intensity, no-tillage and standard tillage, were used. For no-tillage plots, permanent beds were prepared in May 2003 and there were no further tillage operations for the duration of the experiment, except for the clearing of furrows in midsummer. All crop residues were fl ail-mowed and distributed on the bed tops. For standard tillage plots, crop residues were incorporated to the 20-cm depth and beds were shaped between each cropping season with the Sundance system (Sundance Farms, Coolidge, AZ), which consists of disks and lister bottoms. After disking, a ring roller was used to smooth the beds before planting.
In 2003, the continuous cropping treatment consisted of a late spring planting of tomato, a late summer planting of sorghum-sudangrass Sweeter-n-honey hybrid cover crop, and a late fall planting of garbanzo, a winter legume also known as chickpea, and in 2004, a summer planting of cowpea. This sequence included more crops and cover crops, more continuous plant cover, and more crop diversity than the typical 2-yr tomato/wheat (Triticum aestivum L.)-fallow rotation of the local region. The fallow rotation omitted the sorghum-sudangrass and cowpea cover crops. It consisted of tomato followed by garbanzo, with a fall and summer fallow. Of these crops, tomato and garbanzo were harvested, and sorghum-sudangrass and cowpea were used as cover crops.
The combination of rotation and tillage level provided four treatments: no-tillage + continuous cropping, no-tillage + fallow, standard tillage + continuous cropping, and standard tillage + fallow. The experiment was a randomized complete block design with three blocks, four plots per block, and three beds per plot. Each plot was 306 m 2 (67 m long and 4.57 m wide), i.e., three 152-cm (60″) wide beds.
Mineral fertilizers (112.0 kg P ha −1 as a starter fertilizer, 50.4 kg N, P, and K ha −1 , and 67.2 kg N ha −1 as sidedressings) were applied in the summer of 2003, before this experiment started. No fertilizers were applied during the experiment so as to evaluate responses of the systems to the nutrient demands and supplies of both cash and cover crops. 
Plant Sampling and Analysis
Aboveground biomass was clipped from 2-m 2 plots in the sorghum-sudangrass cover crop, and from 1-m 2 plots in the garbanzo and cowpea crops, then separated into crop harvestable yield when appropriate. Weed aboveground biomass was collected from the same plots as the garbanzo samples. 
Soil Sampling
Soil Analysis
Duplicate subsamples from each soil sample (25 g moist soil) were analyzed for MBC by the fumigation extraction method (Vance et al., 1987) . Soil samples (10 g moist soil) were extracted with 2 M KCl, and inorganic N content determined colorimetrically using a modifi cation of Miranda et al. (2001) for NO 3 − (plus NO 2 − , which can generally be assumed to be negligible in these soils) and Forster (1995) for NH 4 + . Ergosterol, a fungal biomarker, was measured (2 g moist soil) using a modifi cation (Cavagnaro et al., 2006) of the method of Djajakirana et al. (1996) . Phospholipid fatty acids were extracted from 5 g of moist soil according to the method of Bossio et al. (1998) and measured by gas chromatography. Total mass of PLFAs, an indicator of total microbial biomass, was compared with MBC data. The biomass of bacteria was determined using the combined weights of fatty acids iso 15:0, anteiso 15:0, 15:0, iso 16:0, 16:1ω5c, iso 17:0, anteiso 17:0, 17:0cy, 17:0, and 19:0cy. That of fungi was determined as the sum of 18:2ω 6 and 18:2ω 9c (Bossio et al., 1998; Mikola and Setala, 1998) .
Nematodes were extracted from 350 g of soil using a combination of decanting and sieving and Baermann funnel methods (Barker, 1985) . Nematodes were counted under a dissecting microscope, and a subsample (minimum of 100) was identifi ed to the genus or family level at higher magnifi cation. The actual abundance of each taxon was adjusted according to the total number of nematodes in the sample.
Nematode taxa were classifi ed into four feeding habits (bacterial feeders, fungal feeders, plant feeders, and predators or omnivores) , and into colonizer-persistent (cp) groups (Bongers, 1990) . The cp scale classifi es nematode families in fi ve groups from cp1 (short life cycles, large number of eggs, resistant to environmental perturbation, r-strategists) to cp5 (long life cycles, low number of eggs, sensitive to environmental perturbation, k-strategists). The combination of both classifi cations results in 16 nematode functional guilds (Bongers and Bongers, 1998) , not all of which were represented here.
Nematode faunal analysis, based on functional group abundances, generated indices of food web structure, status, function, and resource availability (Ferris, 2006; Ferris et al., 2001; Ferris and Matute, 2003) . Values of the Enrichment Index, the Structure Index, the Channel Index, and the Basal Index were calculated as described by Ferris et al. (2001) . To calculate food web indices and sizes of trophic and cp groups, nematode abundances were expressed on a soil mass basis by correcting for bulk density. Nematode biomass C was calculated by multiplying the abundance of each taxon by their calculated fresh weight (Andrássy, 1956) , and conversion assuming 20% of wet weight is dry weight of nematodes (Persson et al., 1980) and that C content is 52% of dry weight (Persson, 1983) .
Soil chemical analysis, soil total C, soil total N, soil pH, K, and plantavailable Olsen P were determined by the DANR Analytical Laboratory, University of California, Davis. Briefl y, total soil C and N were measured by combustion (Nelson and Sommers, 1982) , soil K and pH were measured by the saturated paste method (Thomas, 1996; Soltanpour et al., 1982) , and P was measured according to Olsen and Sommers (1982) .
Statistical Analysis
The data other than PLFA profi les were subjected to analysis of variance according to the GLM procedures of SAS Version 9.1 (SAS Institute, Cary, NC). Means and interactions were separated by Tukey's multiple range test and signifi cant effects were expressed at P < 0.05. For plant data, which was highly variable among plots within some treatments, statistical comparisons were conducted on power-transformed data, but untransformed means and standard errors are provided (Table  1) . The PLFA data, expressed in moles, were analyzed using correspondence analysis (CA) and the fi rst two principal components were used to express the total sample variance. The CANOCO 4.5 (Microcomputer Power, Ithaca, NY) software was used to generate biplots.
RESULTS
Aboveground Plant Biomass
Total aboveground plant biomass, including crop yields and weeds, serves as an indicator of the amount of C produced by each treatment throughout the study. Summed across all crops and cover crops, it was highest with the standard tillage + continuous cropping and lowest with no-tillage + fallow treatments (Table 1) . The aboveground biomass production in the fallow treatments was approximately half that of the continuous cropping treatments. With continuous cropping, aboveground biomass was higher with standard tillage than no-tillage. Although the aboveground biomass of sorghum-sudangrass did not differ among treatments, garbanzo and cowpea aboveground biomass was higher with standard tillage than with no-tillage. In treatments with fallow periods, total aboveground plant biomass also tended to be higher with standard tillage.
Crop yields were much lower with no-tillage + continuous cropping than any of the other three treatments, which were not different from one another (Table 1) . Garbanzo bean yields in no- Table 1 . Aboveground biomass of the sorghum-sudangrass cover crop, the garbanzo crop including beans, weeds at harvest of the garbanzo crop, and the cowpea cover crop, and garbanzo bean dry yields. Statistical comparisons were conducted on power transformed data, but non-transformed means and standard errors are provided.
Cropping and tillage system † Sorghumsudangrass cover crop
Garbanzo crop aboveground biomass
Weeds at harvest of garbanzo crop tillage + continuous cropping were 10 to 20% of the other treatments, probably due to high weed pressure in those plots. Cowpea aboveground biomass in no-tillage + continuous cropping was 60% of that in standard tillage + continuous cropping.
Garbanzo bean dry yield
Cowpea cover crop
Sum of total plant biomass ‡
--------------------------g dry wt. m −2 -------------------------
Microbial Biomass Carbon, Phospholipid Fatty Acids, and Soil Ergosterol
Soil MBC, expressed as milligrams of C per kilogram of dry soil, was different by treatment, depth, and sampling date, and also in the interactions between treatment and depth and between treatment, depth, and date (Table 2) . Microbial biomass C was greatest in the 0-to 5-cm layer and decreased with soil depth among all treatments (Fig. 1A) . In particular, differences in MBC between the 0-to 5-cm and lower layers were relatively large under no-tillage compared with standard tillage, and the difference between the layers was greatest with no-tillage + continuous cropping.
To show the impact of treatments on MBC during the entire period, MBC was expressed as grams of C per square meter at the end of the experiment in December 2004 ( Fig.  2A) . In the 0-to 5-cm layer, grams MBC per square meter was higher with no-tillage + continuous cropping than the other treatments. In contrast, below the 5-cm depth, MBC with standard tillage was similar to that in no-tillage plots. Overall, there were no signifi cant differences in MBC in the entire 0-to 30-cm layer among the treatments. Although MBC (g C m −2 ) was not different among treatments in the 0-to 30-cm layer on the last sampling date, when compared across all three sampling dates, it was higher for no-tillage + continuous cropping compared with standard tillage + fallow (data not shown). This was also true for the 0-to 5-cm layer (data not shown).
At the end of the study, the trends for total PLFA were slightly different from those for MBC, and were more variable. Like MBC, total PLFA (0-30-cm depth) was similar in all treatments ( Fig. 2A and 2B ). In the 0-to 5-cm layer, however, statistical differences were less pronounced than those for MBC; the only differences were between no-tillage + continuous cropping and standard tillage + fallow.
In the 0-to 5-cm layer, PLFA profi les in no-tillage + continuous cropping clearly separated in the CA biplot from the other treatments, which were similar (Fig. 3) . The fi rst two principal components accounted for 48.1 and 23.6% of the total sample variance, respectively. Phospholipid fatty acids of bacterial biomarkers (micrograms per kilogram of soil) in the 0-to 5-cm layer were higher in no-tillage + continuous cropping than standard tillage + fallow and those below 5-cm depth were similar in all treatments (Fig. 4A) . Phospholipid fatty acids of fungal biomarkers (micrograms per kilogram of soil) in the 0-to 5-cm layer were also higher in the no-tillage + continuous cropping treatment than in other treatments. Those below 5-cm depth were similar in all treatments (Fig. 4B) .
Soil ergosterol, a fungal marker, differed by treatment, depth, date, and their interactions across three sampling dates (Table 2) . Specifi cally, soil ergosterol was much higher in the 0-to 5-cm layer in no-tillage + continuous cropping than in other treatments and depths across the three sampling dates (Fig. 1B) , resulting in signifi cant interactions. In December 2004, soil ergosterol was positively correlated with PLFA of fungal biomarkers (r 2 = 0.71, P < 0.0001, data not shown).
Nematode Faunal Analysis
Total nematode abundance was lower in no-tillage + fallow than under continuous cropping treatments; it was highest in upper soil layers (Table 2) . By the end of the experiment, nematode numbers in the 15-to 30-cm layer were higher in standard tillage + continuous cropping than either of the no-tillage treatments but did not differ among treatments in the 0-to 5-and 5-to 15-cm layers (Fig. 5A , 5B, and 5C). Both nematode abundance and biomass tended to be greater in the 0-to 15-cm layers than in the 15-to 30-cm layer, but were more evenly distributed across the 0-to 30-cm profi le in standard tillage than no-tillage ( Fig. 1C and 1D) . In December 2004, nematode biomass mirrored nematode abundance. In the entire 0-to 30-cm profi le, nematode biomass was similar among all treatments but, it should be noted, had much lower values in no-tillage + fallow than in standard tillage + continuous cropping, although this difference was not statistically signifi cant (Fig. 2C) . Detailed nematode faunal analyses at the end of the experiment refl ected the cumulative effects of the management treatments. In the 0-to 5-cm layer, the community was comprised largely of cp1 bacteria feeders (Fig. 5A, see b1 and b2 ). These opportunistic species decreased with depth in all treatments, particularly under no-tillage (Fig. 5A , 5B, and 5C). Their abundance was correlated with PLFA bacterial biomarkers at the December 2004 sampling. Bacterial feeders of cp2 showed similar, but less pronounced, trends. Fungal feeders of cp2 were in greatest abundance in the 5-to 15-cm layer on all three sampling dates (data not shown) but were not correlated with PLFA fungal biomarkers at the December 2004 sampling (data not shown). In all treatments, cp2 bacterial and fungal feeders were the major component of the nematode community below 5-cm depth while cp1 bacteria lfeeders predominated in the 0-to 5-cm layer. Plant-parasitic and omnivorous nematodes were in low abundance in all treatments and depths, except that one cp3 plant-parasitic species increased with depth with standard tillage + continuous cropping.
Values of the Enrichment, Basal, and Channel indices (EI, BI, and CI), based on nematode functional guilds, differed by treatment, depth, and date ( Table 2) . The EI value, indicating opportunistic bacterial-and fungal-feeding species that respond rapidly to resource changes, was higher with standard tillage + continuous cropping than in either no-tillage treatments; it was higher in the 0-to 5-cm layer than below 5 cm, and increased during the course of the experiment (data not shown). The BI value, indicating abundance of general opportunists adapted to surviving adverse conditions, was higher in the continuous cropping treatments under no-tillage than standard tillage, greater below 5-cm depth, and decreased with time (data not shown). When EI and BI values were calculated for the entire soil column (0-30 cm), however, weighted by soil mass, there were no differences between treatments ( Fig. 6A and 6B ). The value of the Structure Index (SI), indicating complexity and connectance of the food web, differed by treatment but not by depth and date ( Table 2 ). The SI value was higher in fallow than in continuous cropping treatments (data not shown). The SI value (0-30 cm) in both fallow treatments was higher than in no-tillage + continuous cropping (Fig. 6C) . The CI value, indicating the degree of fungal participation in the primary decomposition channels, was lower in standard tillage + continuous cropping than in either of the no-tillage treatments, lower in the 0-to 5-cm layer than that below 5 cm, and decreased with time. The CI value (0-30 cm) was signifi cantly higher in both no-tillage treatments than with standard tillage + continuous cropping (Fig. 6D) .
Total Soil Carbon and Nitrogen, and Soil Physical and Chemical Properties
By December 2004, the total C per kilogram of soil was signifi cantly higher in no-tillage + continuous cropping than with standard tillage + fallow in the 0-to 5-cm layer, but no differences occurred among the treatments below 5 cm (Table  3) . There were no differences in total soil N per kilogram of soil. Soil C in the 0-to 30-cm layer, expressed as kilograms of C per square meter, was higher in the no-tillage treatments than in standard tillage + fallow, but similar to standard tillage + continuous cropping (Fig. 7A ). Soil C in the 0-to 5-cm layer was higher with no-tillage than standard tillage when there was continuous cropping. Soil N in each soil layer and the whole 0-to 30-cm profi le was similar among treatments (Fig. 7B) . Nitrate concentrations varied in the soil surface layer among all treatments across the four sampling dates; they were much higher in the dry summer season and decreased during the rainy season in December (Table 4) . Nitrate was signifi cantly higher with no-tillage + continuous cropping than with standard tillage treatments in the 0-to 5-cm layer in June 2004, while it was signifi cantly higher with standard tillage + continuous cropping than with either no-tillage treatment in the 15-to 30-cm layer in December 2004. Ammonium concentrations were lower in all treatments and depths and across all sampling dates compared with NO 3 − . The maximum and minimum NH 4 + concentrations were 6.3 and 0.62 mg NH 4 + -N kg −1 soil, respectively, and the mean across all dates and sampling times was 1.6 ± 0.2 mg NH 4 + -N kg −1 soil. Soil pH was always close to 7, but was signifi cantly higher in no-tillage + continuous cropping than in standard tillage + fallow in the 0-to 5-cm layer on the last sampling date in December 2004 (Table 3) . At 5 to 15 cm, pH was similar among treatments, but at 15 to 30 cm, it was slightly higher in continuous cropping treatments.
Higher concentrations of soluble K + were found in the notillage treatments in the surface layer (Table 3 ). The concentration of K + decreased with depth. It was higher in standard tillage than in no-tillage in the 15-to 30-cm layer. The P concentration was signifi cantly higher with no-tillage + continuous cropping than in the other treatments in the 0-to 5-cm layer, and it was similar in all treatments below the 5-cm depth.
Bulk density was measured in February 2005. While there were no signifi cant differences in the surface layer, the no-tillage treatments tended to be more compacted than standard tillage treatments. At 15 to 30 cm, bulk density was similar in all treatments (Table 3) . Applying these bulk density values to the data for December 2004, water-fi lled pore space (WFPS) was higher in the no-tillage treatments in the upper two layers than with standard tillage (Table 4) .
DISCUSSION
Overall, this 1-yr study indicates that no-tillage + continuous cropping had a greater effect on surface layer biota and C pools than standard tillage. With notillage + continuous cropping, crop productivity decreased markedly in this Mediterraneantype climate, yet there was greater total soil C accumulation in the 0-to 30-cm profi le, compared with the common practices of standard tillage with intermittent fallow periods. Changes in the composition and size of the microbial community appear to be important for total C accumulation in the surface layer, as discussed below. The effects on higher trophic levels, as indicated by nematode soil food web analysis, are less clear. Although some nutrients accumulated in the surface layer with no-tillage, there may be greater propensity for NO 3 − loss, given that high NO 3 − concentrations, C availability, soil moisture, and bulk density all can increase the denitrifi cation potential of soil. These outcomes suggest that there may be signifi cant tradeoffs associated with conversions to notillage + continuous cropping in California cropping systems.
Crop Productivity and Management
As expected, lower aboveground biomass and yields occurred with no-tillage; they were particularly low with no-tillage + continuous cropping, probably due to higher accumulation of surface residue that impeded growth, as well as higher weed pressure. In temperate regions, no-tillage typically produces lower crop yields of corn (Zea mays L.) and wheat than standard tillage due to prolonged low temperatures during spring and poor stand establishment associated with the presence of large amounts of plant residue (Kiger and Grove, 1999; Kapusta et al., 1996) . In California, where the climate is Mediterranean, tomato and cotton (Gossypium hirsutum L.) yields in conservation tillage plots with winter cover crops were lower than those with standard tillage with winter fallow because the accumulation of both crop and cover crop residues inhibit the early stages of crop growth (Mitchell et al., 2003) .
Both lower garbanzo biomass and yields occurred with no-tillage, particularly with no-tillage + continuous cropping. In this treatment, accumulation of surface residue may have impeded growth, and there was more weed pressure. The garbanzo growth also might have been more inhibited by allelopathic chemicals from the sorghum-sudangrass cover crop than when the residue was incorporated with standard tillage (Mitchell et al., 2000) . Lower aboveground cowpea cover crop biomass in no-tillage + continuous cropping compared with standard tillage + continuous cropping was associated with lower germination and stand establishment (personal observation). Poor garbanzo stand establishment led to serious weed problems in this treatment. The evenness of the bed tops, which is necessary for consistent sowing depth, good germination, and uniform furrow irrigation, deteriorated under no-tillage, especially with continuous cropping. For effi cient irrigation, the furrows had to be tilled in midsummer. Further technological developments may be necessary to enhance yields in irrigated fi elds with crop residues on the soil surface, especially in no-tillage systems with cover crops.
Total Soil Carbon and Soil Microbes
Long term studies on no-tillage systems reveal that SOM becomes stratifi ed in the surface layer and decreases with depth (Kay and VandenBygaart, 2002; Dick and Durkalski, 1998; Jarecki and Lal, 2005) . McCarty et al. (1998) also reported that stratifi cation occurred during the fi rst 3 yr of converting from standard tillage to no-tillage. Higher SOM in the 0-to 5-cm layer with no-tillage was offset by lower SOM below 5 cm, however, and thus similar SOM content was observed in the total 0-to 30-cm profi le with standard tillage and no-tillage (Dick, 1983; Needleman et al., 1999; Yang and Kay, 2001 ). These observations regarding C accumulation in the surface layer are consistent with our comparison of no-tillage + continuous cropping and standard tillage + continuous cropping, but not between comparisons of the no-tillage + fallow and standard tillage + fallow treatments.
Over the long term, tilling soils increases CO 2 release, soil respiration, and loss of soil C, partly because macroaggregates are disrupted by mechanical soil mixing and more C can be accessed by soil microbes (Lupwayi and Paustian, 1999; Six et al., 1999; Jackson et al., 2003) . Because tillage moves residue deeper into the soil profi le, however, more organic material can be adsorbed and stabilized in subsurface layers than when residues are deposited on the soil surface . In our study, this assessment was complicated by the higher amounts of plant biomass in standard tillage than no-tillage. Yet, there was a strong trend toward lower total C in soils of the standard tillage treatments, despite higher plant biomass production. The amount of plant biomass entering the two fallow systems was similar, and thus the lower total soil C in standard tillage + fallow in the subsurface layer, and in the entire 0-to 30-cm soil profi le, is best attributable to disturbance by tillage.
Changes in MBC refl ect conditions affecting the accumulation of total C (Powlson et al., 1987; Sparling, 1997; Franzluebbers et al., 1999) . A positive correlation between MBC and total soil C was observed in this study (r 2 = 0.45, P < 0.0001), as has been found previously (Liebig et al., 2004; Sherrod et al., 2005) .
Not only the quality and quantity of residue, but also its placement and incorporation affect soil microbial community structure and size . At the soil surface, MBC has been shown to be higher with no-tillage than standard tillage (Alvarez et al., 1995; Carter and Sanderson, 2001; Kisselle et al., 2001) . In this study, MBC per square meter was higher in the soil surface layer in no-tillage + continuous cropping than other treatments and higher for the 0-to 30-cm profi le than in standard tillage + fallow across all three sampling dates. Greater crop residue at the surface results in increased C substrate availability, increased infi ltration, higher water holding capacity, and less fl uctuation in moisture and temperature (Doran, 1980) . Moisture content in the 0-to 5-cm layer with no-tillage + continuous cropping was signifi cantly higher than in the other treatments at the last sampling date. A complex set of environmental changes thus could explain the marked shift in PLFA profi les and microbial composition observed in the no-tillage + continuous cropping system (Drijber et al., 2000; Calderón et al., 2000; Feng et al., 2003) .
Higher fungal biomass in the soil surface layer, based on ergosterol and PLFA markers, as observed here with no-tillage, occurs when residue is left on the soil surface and soils are not disturbed by tillage. Residue decomposition by fungi increases due to the lack of disruption of hyphal networks (Beare et al., 1992; Frey et al., 1999; Fierer et al., 2003) . Some researchers have found that soil fungi have higher microbial growth effi ciency (MGE), which is defi ned as the amount of new biomass C produced per unit of substrate C metabolized, than bacteria (Sakamoto and Oba, 1994; Blagodatskaya and Anderson, 1998) , but Thiet et al. (2005) reported no difference in MGE between fungal-and bacterial-dominated soils. Regardless of MGE, fungal substrates, biomass, and byproducts are more recalcitrant to decomposition, and more slowly degraded in soil, compared with those of bacteria (Martin and Haider, 1979; Kogel-Knabner, 2002) . Moreover, the higher C/N ratio of fungi compared with that of bacteria implies that a greater proportion of C is retained in fungal biomass .
Per amount of plant residue added to the soil, no-tillage had higher MBC than standard tillage. Despite much lower residue additions, MBC (0-30 cm) was similar in the no-tillage and standard tillage under continuous cropping. Also, no-tillage + continuous cropping resulted in higher MBC in the 0-to 30-cm profi le than standard tillage + fallow, despite similar C inputs. Fungal biomass, based on ergosterol and PLFA markers, was also higher, and may explain the higher recovery of C in microbes. Tillage of plant residue into soil causes rapid increases in MBC, followed by decreases to pre-incorporation levels, usually within a month after incorporation of plants (Kisselle et al., 2001; Lundquist et al., 1999; Jackson, 2000) . Tillage also increases bacterial dominance of the microbial community (Hendrix et al., 1986; Holland and Coleman, 1987) , leading to greater loss of CO 2 , possibly due to the lower C/N ratio of the bacterial biomass and metabolic rates that may be higher than fungi . The accumulation of MBC and total C in the surface layer with no-tillage + continuous cropping may thus be at least partially explained by the higher proportion of fungi in the microbial biomass.
Nematodes and the Soil Food Web
The positive correlation between nematode biomass in the 0-to 30-cm profi le and total aboveground plant biomass was consistent with the idea that higher plant biomass entering systems leads to higher nematode populations across trophic levels (Ingham et al., 1985) . Accumulation of residues at the soil surface in no-tillage leads to higher density of bacterial-feeding nematodes due to higher bacterial population size (Bouwman and Zwart, 1994; Lenz and Eisenbeis, 2000) , as was observed here for cp 1 bacterial feeders. In contrast, fungal feeders were consistently highest in the 5-to 15-cm layer and were not correlated with fungal biomass. Levels of fungal feeders can refl ect environmental conditions rather than a direct predator-prey relationship (Thornton and Matlack, 2002) .
The increase of cp1 bacterial feeders in standard tillage + continuous cropping by the end of the experiment was consistent with observations that tillage and incorporation of residue favor organisms with r-selected characteristics (Ettema and Bongers, 1993; Lenz and Eisenbeis, 2000) . Across all sampling dates, cp1 bacterial feeders were lowest following termination of the higher C/N sorghum-sudangrass cover crop, and they dramatically increased after harvesting of the lower C/N ratio cowpea summer cover crop. These changes may be related to residue characteristics. Residue with a low C/N ratio is thought to be mainly decomposed by bacteria, resulting in an increase of cp1 bacterial-feeding nematodes (Bongers and Bongers, 1998) , whereas residue with higher cellulose and lignin content and a high C/N ratio is more likely to be decomposed by fungi and fungal-feeding nematodes (Wardle and Yeates, 1993) .
The soil food web did not become more complex with notillage + continuous cropping, contrary to expectations at the onset of the study. The CI value was low in the soil surface layer in all treatments, even with no-tillage + continuous cropping, which had higher fungal biomarkers. The bacterial decomposition pathway seems to have dominated this layer in all treatments. With no-tillage, cp1 bacterial feeders dramatically decreased with depth, compared with standard tillage, which led to the higher CI value with no-tillage for the entire 0-to 30-cm profi le.
Omnivorous and predatory nematodes have been shown to decrease due to intensive cultivation (Bouwman and Zwart, 1994: Wardle et al., 1995) , although this was not observed here. Conversion to no-tillage has had confl icting outcomes for these nematode groups, with increases only 2 yr after abandoning an arable fi eld (Hánĕl, 2003) vs. little change between no-tillage and standard tillage during a 5-yr period (Parmelee and Alston, 1986 ). These differences may be due to variation in response among genera in the cp 4 and 5 categories, requiring more critical analysis of functional taxa (Fiscus and Neher, 2002 ). An important consideration in such studies is the history of the fi eld site, which, in this case, had been under conventional management and tillage for many years. The SI value, indicating abundance of higher trophic levels of nematodes and of connectance in the food web, was much lower at the start of the experiment than observed in natural systems (Ferris et al., 2001) . Increase in the SI value due to changes in management practices may involve a prolonged period of recolonization by sensitive species, requiring many years.
Soil Chemical and Physical Properties
Immobile nutrients such as P and K have been found to accumulate at the soil surface layer under no-tillage systems after >10 yr, due to lack of mixing (Mrabet et al., 2001; Blevins et al., 1983) . This trend was found even after only 1 yr in this experiment. With standard tillage, P and K were more evenly distributed in the 30-cm profi le, probably due to incorporation of shoots into the subsurface layer. With no-tillage, these nutrients are taken up from the soil by the crop, then deposited and released at the soil surface. In addition to the effects of placement of residue on nutrient concentrations in the soil profi les, upward fl uxes of ions due to capillary rise play an important role in their distribution in the soil profi le in continuously warm regions with periodic dry periods (Wilcke and Lilienfein, 2005) . Such effects may have occurred during summer, especially for NO 3 − in the no-tillage treatments.
Greater soil compaction with no-tillage than standard tillage could facilitate capillary rise resulting from irrigation during spring and summer, possibly explaining the higher NO 3 − concentration in the soil surface layer. Denitrifi cation losses during the subsequent rainy period may have been higher with no-tillage, given the higher WFPS that was measured in December (Davidson, 1991; Linn and Doran, 1984; Rice and Smith, 1982) .
CONCLUSIONS
In California's Mediterranean-type climate, the accumulation of surface biomass may result in greater fungal activity and contribute to the higher C accumulation in the surface layer of no-tillage + continuous cropping systems compared with the standard tillage + fallow systems typical of vegetable production in this region. The contribution of higher trophic level organisms to soil C storage within the timeframe of this study appears to be minor, since neither omnivorous and predatory nematodes nor the SI value increased with no-tillage. This may be due to lack of colonization potential due to distance from sites with more complex food webs. Decreased yield, more weeds, greater compaction, and a propensity for NO 3 − loss are problems that are currently being addressed in other conservation tillage studies in the region.
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